polysialic acid | bacterial meningitis N ow that groups A, C, W135, and Y capsular polysaccharide (CP) conjugate vaccines are used routinely, Group B meningococci (GBM) are the most common cause of meningococcal disease in developed countries (1) . Not commonly appreciated is that the GBM CP (2→8)-α-Neu5Ac is almost identical to the CP of Escherichia coli K1* (2), which is a major cause of neonatal meningitis, urinary tract infections in young girls, and systemic infections in elderly people (3) (4) (5) and a major virulence factor for Pasteurella haemolytica A2, a cause of shipping fever of goats and sheep (6) . It is also the CP of Moraxella nonliquefaciens (7) . Furthermore, this polysaccharide is found on the surface of many tissues, including those tissues of the mammalian fetus-it may be one of the most common surface structures of mammals (8) (9) (10) (11) . The view of (2→8)-α-Neu5Ac as a self antigen of humans and a potential cause of immunopathology has hindered its development as a vaccine (12, 13) . It seems improbable that such a common surface structure could be the target of autoimmune serum antibodies. In this essay, we review the data that allow us to propose that (2→8)-α-Neu5Ac conjugates will be as safe and effective as the polysaccharide protein conjugate vaccines for the other four meningococcal serogroups, Haemophilus influenzae type b, pneumococci, and Salmonella typhi (Vi) (1, 14, 15) .
CP
CPs are both essential virulence factors and protective antigens of bacterial pathogens that cause disease by their ability to invade the blood stream. CPs confer the property of invasiveness by shielding the bacterium from the actions of complement on deeper structures such as the LPS of Gram-negative and the cell wall teichoic acid of Gram-positive pathogens (16, 17) . CPs are bound to the outer membrane of Gramnegative pathogens by a glycolipid at their reducing end and to the mucopeptides of Gram-positive pathogens by a diphosphate bond (18, 19) . It is not clear why only 1 of 6 H. influenzae, 6 of 19 meningocooccal, 1 of 93 E. coli, and about 23 of 90 pneumococcal CP are associated with virulence (14) .
Are There Safety Issues for (2→8)-α-Neu5Ac-Based Vaccines? Because of the similarity between the CP of GBM, E. coli K1, and fixed animal tissues, the works by Finne et al. (13) and Saukkonen et al. (20) commented on the possibility of autoimmunity caused by vaccineinduced serum anti-(2→8)-α-Neu5Ac. This notion has received general acceptance. Our reasons to dispute this notion are narrated below.
Unique Immunologic Properties of (2→8)-α-Neu5Ac
The observation that purified poly-(2→8)-α-Neu5Ac induces low or no serum antibodies in adult humans or laboratory animals was the signal for most investigators that antibodies to this CP would induce autoimmunity (21) . However, additional findings by those scientists are generally overlooked. (i) Systemic GBM infections in humans induce antibody to (2→8)-α-Neu5Ac, (ii) injection of killed GBM into laboratory animals induced serum anti-(2→8)-α-Neu5Ac, and (iii) cross-reactivity occurs between (2→8)-α-Neu5Ac and the closely related Group C meningococcal capsular polysaccharide [GCMP; (2→9)-α-Neu5Ac] (22) (23) (24) .
Why Is Purified (2→8)-Neu5Ac Nonimmunogenic in Human Adults? Two experimental approaches may help our understanding of this property. The first approach examined oligosaccharides or peptides as inhibitors of the precipitin reaction of the homologous antigen antibody. The work by Kabat (25) showed that maximal inhibition of antidextran is demonstrable with oligoglucans composed of four to seven sugars. The work by Schechter (26) using poly-L-alanines as inhibitors of anti-poly-L-alanine showed that maximal inhibition was observed with homopeptides of 6 or 7 aa. GCMP [(2→9)-α-Neu5Ac] antibodies showed Author contributions: J.B.R., R.S., G.X., L.Å.-H., and M.A.M. wrote the paper and reviewed literature.
The authors declare no conflict of interest. 1 To whom correspondence should be addressed. E-mail: robbinsjo@nichd.nih.gov. *E. coli K1 has a form variation in the CP (2→8)-α-Neu5Ac. About 1 in 30 E. coli K1 colonies from fresh cultures have the C7 or C9 of their CP O-acetylated. similar results. However, different results were obtained with inhibition of (2→8)-α-Neu5Ac antibodies (prepared by multiple i.v. injections of formalin-fixed GBM or E. coli K1) (27) ; ∼17 saccharides were required to give maximal inhibition of (2→8)-α-Neu5Ac antibodies (28, 29) . Based on physicochemical measurements, it was hypothesized that (2→8)-α-Neu5Ac has a less ordered structure in solution than other CPs (30) . Second, the work by Mandrell and Zollinger (31) reported that the antigenspecific binding of (2→8)-α-Neu5Ac antibodies at 37°C was approximately one logarithm lower than at 4°C; (2→9)-α-Neu5Ac antibody binding was almost the same at 4°C and 37°C. These observations suggest that (2→8)-α-Neu5Ac in solution may not stimulate B-lymphocytes to produce serum IgG antibodies (32, 33) .
(2→8)-α-Neu5Ac Antibodies Are Not Harmful Natural Antibodies. Most adults have serum IgG anti-(2→8)-α-Neu5Ac that is induced without signs or symptoms (34, 35) . A critical level of these so-called natural (2→8)-α-Neu5Ac antibodies has been shown to confer immunity to both E. coli K1 and GBM in laboratory animals and GBM in humans (36) . Their development is an age-related phenomenon as recorded for many CP antibodies (37) . In one study of matched normal maternalterm newborn sera, the cord (2→8)-α-Neu5Ac antibody levels were equal to or higher than the antibody levels of their mothers, which was observed for other placentally derived CP antibodies; most term fetuses are exposed in utero to (2→8)-α-Neu5Ac antibodies (38) .
(2→8)-α-Neu5Ac Antibodies Develop in Response to Infection. The (2→8)-α-Neu5Ac antibodies, resulting from systemic GBM infections, have secondary biologic activities such as bactericidal and opsonophagocytic activities (39) . Some of these antibodies had little or no bactericidal activity but conferred immunity in laboratory animals by inducing opsonophagocytosis (40, 41) .
Antibodies Occur Without Ill Effects. An IgM antibody (IgM NOV ) from a patient with macroglobulinemia (23 mg/mL) did not elicit adverse effects in the patient. IgM NOV did not bind GCMP or E. coli K92 CP [alternating poly-α(2→8)-Neu5Ac and poly-α(2→9)-Neu5Ac] (28, 29) . This monoclonal antibody reacted with seemingly unrelated polynucleotides and denatured DNA, supporting the hypothesis that charged groups with a given spacing may determine the specificity of antigen-antibody interactions on otherwise dissimilar molecular structures (27) . IgM NOV protected newborn rats against E. coli K1 infection equally well as horse 46 (2→8)-α-Neu5Ac antiserum (42) . Similar monoclonal antibodies were identified from a collection of human paraproteins from patients with Waldenstrom macroglobulinemia or multiple myeloma (43) . Seven IgM anti-(2→8)-α-Neu5Ac proteins from this collection showed similar temperature-dependent binding and mouseprotective activities as described.
Experiments conducted by Raff et al. (44) are of interest. EBV-transformed lymphoblastoid cells producing antibodies to E. coli K1 O-acetyl-negative and -positive cells were isolated and cultivated in vitro. The resultant monoclonal anti-(2→8)-α-Neu5Ac antibodies were isolated and shown to have protective in vitro and in vivo activities against both E. coli K1 and GBM; all protective activities required complement.
Noncovalently Bound Complexes of (2→8)-α-Neu5Ac and Proteins
Workers studied the immunologic properties of complexes of (2→8)-α-Neu5Ac and proteins. Complexes are readily formed between poly-(2→8)-α-Neu5Ac and polyanions such as methylated BSA (45, 46) . Injected into male volunteers, these complexes were safe and elicited IgM anti-(2→8)-α-Neu5Ac that was bactericidal and protected mice by passive immunization (46, 47) . Their T cell-independent properties, predicting their inability to elicit booster responses in infants, terminated their development.
Covalently Bound (2→8)-α-Neu5Ac Conjugates As observed with the CPs of H. influenzae type b, the other CP types of meningococci and pneumococci, protein conjugates of (2→8)-α-Neu5Ac, and E. coli K1 CP administered to young outbred mice by a clinically acceptable route, schedule, and dosage, all had T cell-dependent properties and elicited antibodies with bactericidal and in vivo protective activities (38) . These results were soon confirmed and extended to rhesus monkeys (P = 0.0001) (48, 49) . On the basis of these data, clinical studies of poly-(2→8)-α-Neu5Ac protein conjugates were suggested as vaccine candidates (38, 45) .
Cross-Reactivity Between GBM and GCM CP
The basis for this cross-reactivity may be deduced from their structures (Fig. 1) . Both are linear homopolymers of Neu5Ac differing only in their linkage: GBM capsular polysaccharide with an α-(2→8) bond and GCMP with an α-(2→9) bond (23) . Both share an identical propyl terminus (C7-C9) at their nonreducing end when exposed to the host. Several findings are related to this structural identity. Horse 46, injected repeatedly with formalin-fixed GBM for ∼10 y, produced low levels of α-(2→9)-Neu5Ac antibodies (42) . The work by Brandt et al. (22) showed that α-(2→8)-Neu5Ac antibodies were induced with multiple i.v. injections of formalin-treated Group C meningococci (GCM) and after systemic infection with GCM. The work by Shin et al. (50) reported that 1 of 15 murine monoclonals, induced by injection of E. coli K1 strains, reacted with both groups B and C CPs. Some infants injected with α-(2→9)-Neu5Ac conjugates also responded with serum IgG antibody to α-(2→8)Neu5Ac. Although the numbers are too small for statistical significance, none of these responders exhibited adverse reactions. These data suggest that we have been inducing (2→8)-α-Neu5Ac antibodies with (2→9)-α-Neu5Ac conjugates without obvious neurologic consequences for at least one decade. This cross-reactivity may provide an explanation for the epidemiological data found by surveillance of meningococcal disease in the United States from 1998 to 2007, which was designed to evaluate the effect of (2→9)-α-Neu5Ac vaccine alone in 1977 and then, the vaccine with the quadrivalent meningococcal A, C, Y, and W135 conjugates. Both meningococcal vaccines were administered mostly to college students and recruits in the US Armed Forces. The incidence of groups C, Y, and W135 meningitis in the United States declined about fivefold during 1998-2007. However, about a twofold decrease in GBM disease was also observed during this period, consistent with a low level of cross-immunogenicity induced by the (2→9)-α-Neu5Ac vaccines (1) .
This cross-reactivity between GBM and GCM is not an unexpected effect, because several references describe the superior immunogenicity of the terminal nonreducing end of polysaccharides and the similar region of polypeptides (51) (52) (53) (54) .
Long-Term Follow-Up of GBM and GCM Patients
Extensive evidence from epidemiologic studies showed no immunopathology in patients mediated by (2→8)-α-Neu5Ac antibodies, including infants born to mothers recovered from GBM meningitis (the controls were patients with GCM). The work by Stein et al. (55) examined five studies published in the referenced literature that compared GBM cases with at least one other meningococcal serogroup or another control group. There were 1,284 cases of GBM and 823 cases of GCM infections. All cases were reviewed retrospectively, and the nature and rates of sequelae were compared. There were equal or slightly lower rates of mortality and sequelae in patients convalescent from GBM than from GCM or other meningococcal serogroup infections. There was no mention of Guillan-Barré, multiple sclerosis, or other autoimmune diseases in any of the patients. The works by Howitz et al. (56, 57) from the Statens Seruminstitut in Copenhagen evaluated autoimmunity in patients convalescent from GBM (n = 2,894) and GCM (n = 914) diseases in Denmark from 1977 to 2004. They did not find an association of GBM infection and autoimmune disease for up to 31 y after meningococcal disease (56, 57) . GBM meningitis posed no risk of stillbirth, preterm birth, small for age, birth defects, or diseases of the nervous system or autoimmune disease within the first 3 y of life. Similar studies in Iceland were confirmatory; a retrospective population-based study of all invasive meningococcal disease was cross-referenced to autoimmune disorders and other diseases (58) . Subsequently, a subset of survivors of GBM (n = 70) and GCM (n = 50) was recruited for detailed clinical examination, standardized questionnaires, and measurement of serum anti-CP. There was no increased risk of autoimmunity among the GBM compared with the GCM patients. Disease severity during the acute phase was higher among the GCM meningitis patients compared with the GBM patients (P = 0.02). During convalescence, the incidence of seizure disorders, hearing impairment, cognitive problems, psychiatric disorders, and readmissions to the hospital were similar between the two groups; survivors of GCM had a higher incidence of reported arthritis and migraine headaches (P = 0.01). Levels of (2→8)-α-Neu5Ac IgG antibodies were similar in both groups. In summary, there was no difference in the sequelae of systemic infections in both groups.
Poly-(2→8)-α-Neu5Ac Was Used as a Vaccine
A similar conclusion to ours regarding the safety of (2→8)-α-Neu5Ac as a vaccine component was published in 1984 (59) . GBM capsular polysaccharide-GBM serotype 2 protein complexes adsorbed onto alum administered to 500 individuals of various ages in the United States, 30 Norwegian adults, and 2,000 South African children did not induce adverse reactions. IgM anti-Neu5Ac was elicited.
Why Does Anti-(2→8)-Neu5Ac Not Induce Tissue Reactions, Although It Is Bactericidal? We have no direct evidence to answer this important question. After the initial observations in 1983, there have been many reports of in vitro binding of (2→8)-α-Neu5Ac antibodies to human and animal tissues (9-11, 55, 59-63) . (2→8)-α-Neu5Ac antibodies have been shown to bind to purified components such as neural cell adhesion molecules (N-CAMs) from many tissues of mammals and birds, including human fetal brain cells (9) . However, this binding could only be shown on fixed tissues, such as frozen sections, or treated with formalin or similar reagents. No in vivo binding has been shown, but (2→8)-α-Neu5Ac antibodies have been described as autoimmune (61) .
Several factors may account for the resistance of living tissue to anti-(2→8)-α-Neu5Ac. The first factor requires an understanding of the N-CAM structure. N-CAM and related molecules are the major carrier for (2→8)-α-Neu5Ac (10) . N-CAM is a membrane-associated glycoprotein composed of a long polypeptide chain that mediates cellular and developmental processes (61-63); (2→8)-α-Neu5Ac is covalently bound to N-CAM approximately in the middle of the peptide chain (62, 63) . The carboxyl terminus inserts into the cell membrane (Fig. 2) . This insertion site would be the cell membrane site vulnerable to injury by anti-N-CAM, but the poly-(2→8)-α-Neu5Ac of N-CAM is separated from the cell membrane by an ∼65-kDa portion of the N-CAM peptide. This finding is in contrast to the demonstrable injury produced by anti-(2→8)-α-Neu5Ac and complement to the bacterial surface of viable and actively growing bacteria (64) . The second factor is that both IgM and IgG (2→8)-α-Neu5Ac antibodies have low avidity, with considerable reduction of binding at 37°C compared with the binding at 4°C (31) . The presentation of capsules on bacterial surfaces fosters antibody and complement action and provides a site for the antibody-initiated, complement-mediated cytolysis to form a hole on the bacterial surface, leading to lysis and cell death (64) .
Use of Non-CP Antigens
The use of non-CP antigens as vaccines for GBM has two important limitations. The first limitation is that these noncapsular polysaccharide vaccines do not induce high levels of GBM antibodies, and the second and most important limitation is that these vaccines will not induce immunity to E. coli K1 (65) . Although quantitative epidemiologic data are lacking, E. coli K1 causes more systemic infections than GBM. † ACKNOWLEDGMENTS. We are grateful for helpful comments and suggestions from Willie 
